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a b s t r a c t 
In recent times, the rate of energy consumption goes on increasing and the world is desperately search- 
ing for new sources of fuel. Biodiesel (fatty acid methyl esters) is an alternative renewable energy re- 
source for the next generation. Biodiesel has several advantages which include its non-toxic nature, it 
is biodegradable and it reduces greenhouse gas emissions. β-Tricalcium phosphate ( β-Ca 3 (PO 4 ) 2 ) cata- 
lyst was synthesized from ﬁsh waste. Fish waste contains calcium phosphate which is converted into 
β-tricalcium phosphate since it has low crystallinity and hydroxyl (OH) groups which decrease the po- 
tential to be a good catalyst for the synthesis of biodiesel through transesteriﬁcation. This paper ex- 
plores the synthesis of biodiesel using β-tricalcium phosphate ( β-Ca 3 (PO 4 ) 2 ) as a heterogeneous catalyst. 
Pongamia pinnata (Karanja) oil was extracted from seeds through the solvent extraction process. Intended 
for the development of easier transesteriﬁcation process, stable and active heterogeneous β-tricalcium 
phosphate ( β-Ca 3 (PO 4 ) 2 ) catalyst was synthesized and used for the P. pinnata (Karanja) oil transesteriﬁ- 
cation process. The synthesized heterogeneous catalyst was characterized by XRD, FT-IR, SEM and EDX to 
determine its structural and morphological characteristics. The catalyst exhibited good catalytic activity 
on reuse. Biodiesel yield was greatly dependent on operating parameters such as catalyst concentration, 
methanol to oil molar ratio, reaction temperature and reaction time. Effect of co-solvent on biodiesel was 
studied by using different co-solvents in transestriﬁcation reactions. High quality and maximum biodiesel 
yield (97 %) was obtained under the optimized reaction conditions (methanol to oil molar ratio, 10:1 
(tetrahydrofuran (THF):methanol 1:1); reaction time 90 min; catalyst concentration 2.5 wt % and stirrer 
speed 650 rpm at 65 °C). Reusability of catalyst was examined up to ﬁve runs and found the catalyst was 
reusable up to ﬁve times without much loss of catalytic activity. 
© 2017 Tomsk Polytechnic University. Published by Elsevier B.V. 
This is an open access article under the CC BY-NC-ND license. 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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a  1. Introduction 
The world, with its huge population, affects the cumulative pur-
chasing power and rapid industrialization has led to a rapid in-
crease in the consumption of petro-fuels. The economic growth of
any country is directly proportional to the increase in the produc-
tion of petrochemical fuels. Humans depend mostly on petrochem-
ical fuels like coal, natural gas, hydroelectricity and nuclear energy.
At the rate in which these resources are being used, they will be
consumed shortly. Petrochemical fuels have an indispensable func-
tion in the industrial economy of every nation in the world. They✩ Peer review under responsibility of Tomsk Polytechnic University. 
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2405-6537/© 2017 Tomsk Polytechnic University. Published by Elsevier B.V. This is an ope
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) re used for a variety of purposes like transportation of industrial
nd agricultural goods and operation of diesel tractors, pumping
ets, etc. The high energy demand in the industrialized world as
ell as in the domestic sector and pollution problems caused due
o the rampant use of fossil fuels make it inevitable to develop the
enewable energy sources which have the characteristics of limit-
ess duration and less impact on environmental pollution. This has
nvoked a recent interest in alternative sources for conventional
etroleum fuels, such as the use of edible and non-edible oils de-
ived from plants. This alternative fuel has largely been known
s biodiesel. Biofuels appear to be solution to substitute fossil fu-
ls. Biodiesel has got signiﬁcant attention all over the world as a
ource of substitute fuel because of some of its typical properties,
ike non-toxicity, biodegradability, essentially free sulphur, and less
elease of CO [1] . Usage of biodiesel will have a balancing impact
mongst agriculture, economic development and the environment. n access article under the CC BY-NC-ND license. 
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Table 1 
Solvent extraction of karanja seeds using different solvent. 
Solvent (10 mL/g 
of seed) 
Weight of 
seed (g) 
Stirring 
time (hr.) 
Weight of 
crude oil (g) 
Yield of 
oil (%) 
Petroleum ether 10 .03 2 4 .2 41 .87 
10 .05 3 4 .3 42 .78 
10 .06 4 4 .4 43 .73 
Hexane 10 .02 2 3 .9 38 .92 
10 .03 3 4 .1 40 .87 
10 .06 4 4 .2 41 .74 
Diethyl ether 10 .01 2 4 .0 39 .96 
10 .03 3 4 .1 40 .87 
10 .06 4 4 .3 42 .74 
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PCommercialization is a major problem for biodiesel because of
ts high production cost. Total cost of biodiesel majorly depends on
ost of raw materials because it takes nearly 70–85% of the total
ost of biodiesel [2,3] . Estimated cost of biodiesel is approximately
.5–3 times higher than diesel fuel due to its feedstock cost [4] .
ore focus on low cost feed stock and better implementation of
echnology will make cost of biodiesel competitive to petroleum
uels. These low cost feedstock could include enormous amount of
aste lipids generated from restaurants, food processing industries,
nd non-edible crops. The authors have used oil of Pongamia pin-
ata extracted from its dried seeds. P. pinnata (karanja) is a most
ommon plant in tribal part of north eastern India. In general, the
rocess of transesteriﬁcation involves an ester transforming into
nother ester by the exchange of the alkoxy group from lower
olecular weight or small chain alcohols (for example methanol or
thanol) in presence of a catalyst [5] . Homogeneous as well as het-
rogeneous catalysts can carry out the transesteriﬁcation process.
owever, each of them has its own drawbacks. In case of homo-
eneous catalysts, soap formation [6] , water washings and glycerol
urity have a telling impact on the cost of the process, whereas
n heterogeneous systems, requirement of higher reaction temper-
tures and pressures greatly inﬂuence the cost of production. 
Due to their fast reaction rates and less corrosive properties,
ases are preferred to acid catalysts. In earlier works, fatty acid
ethyl esters were often manufactured with the help of alkali hy-
roxides (NaOH, KOH, etc.) but the process has several limitations.
he catalyst cannot be reused because it is consumed during the
eutralization of free fatty acid contained in the oil or side saponi-
cation reaction [7] . Apart from that, even removal of the base af-
er reaction is problematic because the current practice of aque-
us quenching with acid results in some degree of saponiﬁcation
nd the formation of emulsions, which makes ester separation dif-
cult. Furthermore, an alkaline wastewater stream is generated,
hich must be treated before its disposal [8] . Heterogeneous cat-
lysts have many advantages such as catalyst reusability [9] , ease
f separation and environmental affability [10] . Therefore, in recentable 2 
hysical and chemical properties of karanja oil. 
Property Unit 
Color –
Acid value mg KOH/g 
Unsaponiﬁable matter % w/w 
Density g/cm 3 
Boiling point °C 
Cloud point °C 
Saponiﬁcation value mg KOH/g 
Pour point °C 
Kinematic viscosity(mm 2 /s), at 40 °C mm 2 /s 
Flash point °C 
Caloriﬁc value kcal/kg 
Water content in% 
Iodine value –
Copper strip corrosion –ears, work is focused towards the development of heterogeneous
atalyst systems to produce biodiesel. Mixed oxide contains more
han one chemical elements in its cation or cations of single el-
ment in several oxidation states. These systems of mixed oxides
rovide an opportunity of choosing the cationic elements as cat-
lytic species to catalyse related gas and liquid phase reactions.
n addition to that, the adjustable surface functionalities make
hem more convenient to modify to the various parameters neces-
ary for a catalytic reaction. There are reports on the esteriﬁcation
nd transesteriﬁcation of oils and fats by employing heterogeneous
ixed oxides as a catalysts [11] . Metal oxides treated with sul-
hates such as SO 4 
2 −/ZrO 2 [12] , SO 4 2 −/TiO 2 [13] and SO 4 2 −/SnO 2 
14] were used for the esteriﬁcation of FFAs and oils having high
cid values. Brønsted (anions) and Lewis acids (cations) of metal
xides provide the required catalytic sites for methanolysis dur-
ng transesteriﬁcation. The rupturing of O –H bond produces hy-
rogen cations and methoxides which facilitate the reaction be-
ween triglyceride molecules and methoxide anions to form fatty
cid methyl esters (FAMEs) [15] . Thus, various transition metal ox-
des such as zirconium oxides, zinc oxides and titanium oxides are
ttracting the research communities. Among these solid acid cat-
lysts, sulphated and tungstate-zirconia are prominent for triglyc-
rides to fatty acid alkyl esters [16] . Solid acid catalyst reactions
ccurred at high temperature and require longer time to complete
he reaction. Solid acid catalysts are not economically viable due
o their high cost. This paper explores the synthesis of biodiesel
sing β-tricalcium phosphate ( β-Ca 3 (PO 4 ) 2 ) as a catalyst derived
rom waste ﬁsh bone via calcination. Fish bones contain hydroxy
ppatite [17] at lower temperature below 600 °C and β-tricalcium
hosphate [18] at above 800 °C. Solid base catalysts prepared from
astes not only reduce the environmental pollution but they also
educe the total cost of reaction. 
. Materials and methods 
.1. Raw materials and chemicals 
Acetone, diethyl ether, toluene, tetrahydrofuran (THF) and hex-
ne were of analytical grade, and purchased from Merck, India. Sul-
huric acid, sodium sulphate and methanol were also purchased
rom Merck, India. The reagents were used without further puriﬁ-
ation. Karanja seeds were collected from local market in Varanasi,
ndia and the oil was chemically extracted from dried seeds. 
.2. Catalyst preparation 
Waste ﬁsh bones were collected from a local market in
aranasi, India. The collected ﬁsh bones were ﬁrst washed sev-
ral times with hot distilled water to remove gelatinous matter
nd ﬂesh associated with bones, then the ﬁsh bones were kept inASTM standards Value 
Yellowish red 
ASTM D 664 8 .04 
2 .5 
ASTM D 1298 0 .934 
– 328 
ASTM D 1510 2 
206 
ASTM D 97 -4 
ASTM D 445 41 .3 
ASTM D 93 218 
ASTM D 4809 8803 
ASTM D 2709 0 .006% 
ASTM D 2500 2 .6 
ASTM D 130 No corrosion observed 
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Table 3 
Fatty acid composition (%) of Pongamia pinnata oil. 
Sr. Retention time Compound name Composition (%) Corresponding fatty acid Corresponding fatty acid structure 
1 19.89 Palmitic acid methyl ester 10 .41 Palmitic acid CH 3 (CH 2 ) 12 COOH 
2 21.75 Oleic acid methyl ester 66 .30 Oleic acid CH 3 (CH2) 14 CH CHCOOH 
3 21.89 Stearic acid methyl ester 9 .07 Stearic acid CH 3 (CH 2 ) 16 COOH 
4 23.38 cis–11-Eicosenoic acid methyl ester 3 .88 cis–11-Eicosenoic acid CH 3 (CH 2 ) 16 (CH CH)COOH 
5 23.62 Arachidic acid methyl ester 5 .09 Arachidic acid CH 3 (CH 2 ) 10 (CH CH) 4 COOH 
6 25.27 Behenic acid, methyl ester 4 .02 Behenic acid CH 3 (CH 2 ) 20 COOH 
Fig. 1. GC-MS chromatogram of Pongamia pinnata oil. 
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Thot air oven at 100 °C for 5 h. The dried ﬁsh bones were ground
to powder and calcined in a muﬄe furnace at different tem pera-
tures, ranging from 600 °C to 900 °C for 4 h. The synthesized cata-
lyst was characterized and used in the transesteriﬁcation reactions.
Cost of synthesized catalyst was reduced since raw material (waste
ﬁsh bones) has no cost. 
2.3. Characterization of catalyst 
As the catalyst is a mixed oxide structure, it was characterized
by X-ray diffraction (XRD). Surface structure i.e., particle arrange-
ment of mixed oxide was observed with the Scanning Electron Mi-
croscopy (SEM). .4. Oil extraction 
Karanja ( P. pinnata ) seeds were collected from the local mar-
et in Varanasi, India. The seeds were dried in a hot air oven at
05 °C for 90 min to remove water content. Karanja seeds were
oured in ball mill apparatus and ground into powder. Karanja
il was extracted using this ﬂour through solvent extraction pro-
ess [19,20] . Low cost methodology was adopted for the extrac-
ion oil from P. pinnata seeds as reported for the extraction of oil
rom P. pinnata [21] , calophylluninophyllum [22] , and Citrullu scolo-
ynthis [23] . Soxhlet apparatus ﬁxed with 500 ml round bottom
ask and a condenser for cooling was used for the extraction of oil
able 1 . 
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Fig. 2. GC-MS spectrum of palmitic acid methyl ester. 
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a  .5. Pre-treatment of crude karanja oil 
Pre-treatment process was carried out to remove the impurities
resent in the crude karanja oil. Minute suspended solid particles
ere removed with Whatman ﬁlter paper. Moisture content was
emoved with rotavapor and the obtained karanja oil was used for
he synthesis of biodiesel. The physical and chemical properties of
aranja oil were determined are have been shown in Table 2 . 
.6. Determination of fatty acid composition 
Table 3 represents the fatty acid composition of the oil after
re-treatment process was done. Fatty acid composition was anal-
sed by using Gas Chromatography Mass Spectra (GC-Mass Spec-
rometer Perkin Elmer, Mass range: 20 to 620 Daltons (amu)). The
ethod employed to determine the fatty acid composition was es-
eriﬁcation reaction (methanol as solvent and H 2 SO 4 as homoge-
eous catalyst) followed by transesteriﬁcation, where the fatty acid
omposition present in the P. pinnata oil get converted into cor-
esponding methyl esters and these methyl esters were analysed
ith GC-MS. Sample was prepared with 0.03 mL of above oil (af-er transesteriﬁcation) mixed with 2.1 mL of hexane for the GC-MS
nalysis. Fig. 1 represents the GC-MS chromatogram of P. pinnata
il in which X-axis corresponds to retention time and Y-axis corre-
ponds to percentage of relative abundance. Using the known com-
ound spectrum from the NIST 2011 library, unknown compound
pectrum was predicted with the help of Turbo Mass software.
C-MS analysis showed that the fatty acid composition present in
he P. pinnata oil were, Palmitic acid methyl ester ( Fig. 2 ), Oleic
cid methyl ester ( Fig. 3 ), Stearic acid, methyl ester ( Fig. 4 ), cis-
1-Eicosenoic acid methyl ester ( Fig. 5 ), Arachidic acid methyl ester
 Fig. 6 ), Behenic acid, methyl ester ( Fig. 7 ) respectively. Table 3 rep-
esents the fatty acid composition and their corresponding struc-
ures with retention time. Extracted the P. pinnata oil consisted
oth saturated as well as unsaturated fatty acids. 
.7. Esteriﬁcation 
Before starting the transesteriﬁcation, the acid value of karanja
il was determined so that it can be ascertained whether esteriﬁ-
ation process is required or not. Free fatty acid (FFA) value plays
 signiﬁcant role in the conversion of oil to biodiesel. For a high
148 D. Madhu, Y.C. Sharma / Resource-Eﬃcient Technologies 3 (2017) 144–157 
Fig. 3. GC-MS spectrum of oleic acid methyl ester. 
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v  conversion of biodiesel, the feedstock should have a free fatty acid
content lesser than 3% [24] . Acid value of karanja oil was deter-
mined according to standard equation (1) and was found to be
8.04 mg KOH/g. Extracted karanja oil with high acid value (8.04 mg
KOH/g) needs to undergo the esteriﬁcation step before conduct-
ing transesteriﬁcation step to reduce its acid value. In acid ester-
iﬁcation [25] , 6:1 oil:methanol molar ratio was poured into the 3
necked round bottom ﬂask and the set up was kept in serologi-
cal water bath. The temperature of the reaction was kept at 65 °C.
The reaction mixture was then poured into a separating funnel to
remove excess alcohol, sulphuric acid and water content, ﬁnally ro-
tavapor evaporation was conducted to remove minor contents of
water and alcohol from oil feedstock. The treated oil displayed acid
value less than 0.5 ±0.21 mg KOH/g, further transesteriﬁcation re-
action was conducted. 
The acid value and free fatty acid conversion were calculated as
followed: 
Acid Value ( mg KOH / g ) = V KOH ∗ 56 . 1 ∗ C KOH / m sample (1)
Free Fatty Acid Conversion ( % ) = ( AV 1 − AV 2 ) / AV 1 
∗100 (2)Where AV 1 (mg KOH g 
−1 ) is the acid value of original oil sam-
le, and AV 2 (mg KOH g 
−1 ) is the acid value of catalysed product. 
.8. Transesteriﬁcation 
After esteriﬁcation step, acid value of karanja oil was decreased
rom 8.04 mg KOH/g to 0.7 ±0.18 mg KOH/g since free fatty acid
ontent in the oil must lees than 3% for the transesteriﬁcation
eaction using base as catalyst [26] . Transesteriﬁcation of karanja
il with methanol was carried out in a transesteriﬁcation reactor
ith 250 mL three-neck round bottom ﬂask ﬁtted with an over-
ead stirrer and water-cooled reﬂux condenser. The reactor was
lso equipped with water bath with digital temperature controller
or heating purpose. To start the optimum reaction conditions, cat-
lyst (2 wt % relative to karanja oil weight) was placed into the
eactor; necessary amount of methanol (methanol to oil molar ra-
io of 7:1) was added to the catalyst using the dropping funnel
nd both were kept under mixing until the reaction temperature
eached 65 °C. The start of the reaction was considered to be after
he addition of all the raw materials (karanja oil) into the reactor;
t that time, mixing of the reactants was changed from medium to
igorous stirring. The biodiesel yield was calculated by using the
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Fig. 4. GC-MS spectrum of stearic acid, methyl ester. 
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iodiesel yield (%) 
= ( Weight of fatty acid methyl ester / 
Weight of karanja oil used ) ∗ 100% (3) 
. Results and discussion 
.1. Characterizations of synthesized catalyst 
.1.1. XRD analysis 
The powder X-ray diffraction (XRD) analysis of the catalyst was
arried out with a Shimadzu diffractometer model XRD60 0 0. The
iffractometer employed Cu-K α radiations to generate diffraction
atterns from the powder crystalline samples at ambient tem-
erature. The XRD diffraction spectra of the prepared catalysts
re shown in Fig. 8 . The results showed the formation of β-tri-
alcium phosphate from waste ﬁsh bones by increasing calcination
emperature from 500 °C to 900 °C. Fish bones contain both hy-
roxyapatite and β-tricalcium phosphate which was clearly shown
n Fig. 8 . Conversion of hydroxyapatite (Ca 10 (PO 4 )6(OH) 2 ) into β-
ricalcium phosphate (Ca (PO ) ) was observed when the calcina-3 4 2 ion temperature was raised from 500 °C to 900 °C. The XRD in-
ensity peaks of the calcined ﬁsh bones at 990 °C indicated the
resence of β-tricalcium phosphate due to the noticeable peaks
bserved in the spectra (JCPDF ﬁle 70–2065). The prominent peaks
ere located at 2 θ 21.8, 26.4, 31.02, 34.3, 39.8, 46.9 and 51.4 °. In-
igniﬁcant portion of hydroxyapatite peaks was seen according to
CPDF ﬁle (74–0565) at 28.9, 32.8 and 49.4 °. 
.1.2. SEM/EDX analysis 
The surface morphology of the prepared samples was stud-
ed by SEM (Scanning Electron Microscopy) and their images are
emonstrated in Fig. 9 . The surface structure of β-tricalcium phos-
hate derived from waste ﬁsh bone was found to be porous.
he particles were homogeneously well distributed with regu-
ar shapes. The calcination temperature effects the porous na-
ure of catalyst and it was observed that the porous nature of
atalyst increased by increasing calcination temperature. The β-
ricalcium phosphate catalyst is exceedingly agglomerated with al-
ost sphere-shaped particles partaking average size of 150 nm.
he microstructure of the synthesized catalyst possesses an av-
rage size of 150 nm which increases the catalytic activity for
he production of biodiesel in the tranesteriﬁcation step. Ele-
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Fig. 5. GC-MS spectrum of cis-11-eicosenoic acid methyl ester. 
Table 4 
Weight% and atomic% of β-tricalcium phosphate. 
Element Weight% Atomic% 
O 41 .10 60 .82 
P 25 .30 19 .34 
Ca 33 .60 19 .85 
Total 100 .00 
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omental and chemical characterizations of β-tricalcium phosphate
were determined by using energy-dispersive X-ray spectroscopy
(EDX) as shown in Fig. 10 . The EDX indicated presence of Ca, P
and O in the catalyst, β-tricalcium phosphate. Their values were
found to be 39.59%. 39.59% and 39.59% respectively as shown in
Table 4 . The EDX spectrum results clearly indicated in Table 4 that
the weight percentages of calcium phosphorus and oxygen were
62.14%, 62.14%, and 62.14%. 
3.1.3. TG/DTA/DTG analysis 
Thermal stability of of uncalcined waste ﬁsh bone at high
temperature was analyzed with thermo-gravimetric analysisTG/DTA/DTG) ( Fig. 11 ). 10.200 mg of uncalcined waste ﬁsh bone
as used for TG/DTA/DTG analysis. The weight loss of uncalcined
aste ﬁsh bone was observed from room temperature, 27 °C to
200 °C which was shown in TG curve. The total weight loss of
ncalcined waste ﬁsh bone was found to be 46.46 %. Sharp weight
oss in TG curve occurred up to 200 °C was due to the dehydroxy-
ation and the high weight loss, ∼33.34% at 200 < T < 500 was sup-
osed to be there due to loss of organic matter present in waste
sh bone. There was no further weight loss after 900 °C, indicat-
ng that formation of β-tricalcium phosphate base catalyst from
ydroxyapatite [27] . 
.1.4. FT-IR analysis 
Fourier transform infrared spectroscopy (FT-IR) is a well known
nalytical technique to determine the functional groups present in
 compound. The sharp vibration band at 560 cm −1 was assigned
o existence of PO 4 
3 −. The broad peak at 1644 cm −1 assigned to
dsorbed water and sharp vibration peak at 962 cm −1 correspond-
ng to PO 4 
3 −. The absorption bands at 962 cm −1 , and 1087 cm −1 ,
ere attributed to hydroxyapatite since presence of minor amount
f hydroxyapatite along with the β-tricalcium phosphate ( Fig. 12 ). 
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Fig. 6. GC-MS spectrum of arachidic acid methyl ester. 
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d  .2. Characterization of biodiesel 
Synthesized biodiesel was characterized with proton NMR spec-
roscopy. Fig. 13 , represents the NMR spectrum of biodiesel syn-
hesized from karanja oil. In each different experimental condition,
he conversion of karanja oil to biodiesel was calculated according
o well-known equation (2) . In the present study, transesteriﬁca-
ion process was explored to synthesize biodiesel from karanja oil
nder different operating conditions such as methanol:oil molar
atio, catalyst concentration (wt %), reaction time (min), reaction
emperature ( °C) and stirrer speed (rpm) using β-tricalcium phos-
hate as a catalyst. These are the most important biodiesel param-
ters which signiﬁcantly affected the biodiesel yield [28] . In each
xperimental setup, the effect of biodiesel parameters on biodiesel
ield was studied when one of the biodiesel parameter was var-
ed while other biodiesel parameters were kept constant. According
o stoichiometric ratio, synthesis of biodiesel through the transes-
eriﬁcation process needs 1 mole oil and 3 moles of alcohol but
he whole process of transesteriﬁcation proceeds reversibly due to
hich transesteriﬁcation needs extra alcohol to shift the reaction
roduct side. t   = 100 ( 2 ∗ A CH 3 ) / ( 3 ∗ A CH 2 ) = 100 ( 2 ∗ 2 . 24 ) / ( 3 ∗ 1 . 7 ) 
= 87 . 8% (4) 
.3. Effect of co-solvent on biodiesel 
Different co-solvents were added to the reaction mixture at
xed methanol:co-solvent (1:1) molar ratio to study the effect of
o-solvent on biodiesel yield while other parameters such as cat-
lyst concentration (2.5 wt %), methanol to oil molar ratio (10:1),
eaction temperature (65 °C) and stirrer speed (650 rpm) were kept
onstant. In reaction mixture, alcohol (as solvent) and oil form
wo phase system. This immiscibility of alcohol and oil can be
educed by using co-solvent [4,29] , so that reaction mixture im-
ediately shifts towards the product side (biodiesel). Different co-
olvents such as acetone, diethyl ether, toluene, tetrahydrofuran
THF) and hexane were used to determine the effect of co-solvents
n biodiesel yield since these co-solvents contributed to form reac-
ion mixture to be more homogeneous ( Fig. 14 ). The highest yield
94 %) was observed in case of tetrahydrofuran (THF) since tetrahy-
rofuran (THF) facilitates the two phase system into one phase sys-
em or facilitates to form more homogeneous form of the reaction
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Fig. 7. GC-MS spectrum of behenic acid, methyl ester. 
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t  mixture. In the case of acetone and diethyl ether, the biodiesel
yield was less due to evaporation. After completion of the reac-
tion, tetrahydrofuran (THF) was recovered for reuse. Tetrahydrofu-
ran (THF) was chosen as co-solvent in all transesteriﬁcation reac-
tions due to its signiﬁcant effect on the biodiesel yield and it does
not contaminate the biodiesel. Co-solvent was removed with the
rotavapor and it was recovered. 
3.4. Effect of reaction parameters 
3.4.1. Effect of molar ratio and catalyst concentration on the biodiesel
yield 
Fig. 15 represents the effect of methanol to oil molar ratio and
catalyst concentration on biodiesel yield with and without addition
of co-solvents. In order to examine the effect of alcohol to oil mo-
lar ratio on the yield of biodiesel fuel, different molar ratios were
taken at different catalyst concentrations. In order to observe the
effect of co-solvent, since it reduces the separation between the
immiscible layers of alcohol and oil, we conducted each experi-
ment with co-solvent and without co-solvent. In each experiment,
optimum solvent and co-solvent ratio was taken i.e., tetrahydrofu-
ran (THF):methanol (1:1) as shown in Fig. 11 . At ﬁxed catalyst con-
centration, it was clearly observed that the methanol:oil molar ra-
tio was to be increased from 4:1 to 10:1 because increase in molaratio increased the biodiesel yield [30] . Alcohol and oil interaction
ncreases when we increase the methanol < oil molar ratio because
he greater the mass ratio of reactant, it will increase the inter-
ction between the molecules. The sharp increase in the biodiesel
ield occurred with and without addition of co-solvent when the
olar ratio was raised from 4:1 to 10:1, beyond this molar ratio
here was no signiﬁcant effect on the biodiesel yield. The biodiesel
ield decreased when we raised methanol to oil molar ratio (with
nd without addition of co-solvent) from 10:1 to 12:1, since re-
erse reaction between the glycerol and ester or glycerides starts
n the reactor. In order to examine the effect of catalyst loading on
he biodiesel yield, a number of experiments with different catalyst
oncentrations over the range of 1–3 wt % were carried out. The
ame (as in the case of alcohol:oil molar ratio) increment trend in
iodiesel yield was observed when we increased catalyst concen-
ration from 1 wt % to 2.5 wt %. At the same time, molar ratio
lays vital role but it was observed that the alcohol:oil molar ra-
io of 10:1, with and without addition of co-solvent was optimum
olar ratio since excess of molar ratio decreases the biodiesel yield
31, 32] . There was no further increase in biodiesel yield when we
ncreased catalyst from 2.5 wt % to 3 wt % because formation of
mulsion takes place and it increases the viscous nature of reac-
ion mixture which led to the diﬃculty in mixing of reaction mix-
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Fig. 8. XRD patterns of β-tricalcium phosphate at different calcination tempera- 
tures. 
Fig. 9. SEM of β-tricalcium phosphate base catalyst derived from waste ﬁsh bone. 
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Fig. 10. EDX spectrum of β-tricalcium phosphate. 
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r  ure. High yield (97 %) and high purity biodiesel was obtained with
o-solvent at 2.5 wt % catalyst concentration and 10:1 alcohol:oil
olar ratio. 
.4.2. Effect of reaction temperature on biodiesel yield 
Fig. 16 represents the combined effects of temperature and
o-solvent on biodiesel yield. It was observed while the other
arameters such as catalyst concentration (2.5 wt %), reaction
ime(90 min), stirrer speed (650 rpm) and methanol to oil molar ra-
io (10:1) molar ratio were kept constant and reaction temperatureas varied. Temperature of the reaction was found to have a con-
iderable inﬂuence on biodiesel yield. Thus, the experiments using
-tricalcium phosphate catalyst were conducted at 35 °C, 45 °C,
5 °C, 65 °C and 75 °C. By increment in temperature from 35 ° to
5 °C, the biodiesel yield also increased from 64% to 91% without
o-solvent and 67 % to 97 % with co-solvent but the optimum tem-
erature was found to be around 65 °C. Insigniﬁcant decrease in
iodiesel yield was observed when temperature was raised 65 °C.
his decrease in biodiesel yield after 65 °C temperature was due
o the evaporation of alcohol. Therefore, the temperature of the re-
ction was optimized at 65 °C for the other study when the time
f the reaction was kept constant. Biodiesel yield was signiﬁcantly
ncreased when we added tetrahydrofuran (THF) as co-solvent. 
.4.3. Effect of mixing rate on biodiesel yield 
Effect of stirrer speed on biodiesel yield was studied at stirrer
peed between 350 rpm and 850 rpm while the other parameters
uch catalyst concentration (2.5 wt %), methanolto oil molar ra-
io (10:1), co-solvent (tetrahydrofuran (THF):methanol molar ratio
:1) and reaction temperature (65 °C) were kept constant. Reac-
ion mixture exists as a two-phase system and as we increased
he stirrer speed, the immiscible nature oil and alcohol signiﬁ-
antly decreased and homogeneous mixture i.e., single phase was
ormed and it favors the reaction mixture towards the product side
biodiesel). Biodiesel yield signiﬁcantly increased when the stirrer
peed increased from the 350 rpm to 650 rpm. Co-solvent acceler-
tes this two phase system into one phase system and this co-
olvent supported to produce higher biodiesel yield at minimum
tirrer speed. As we increased stirring speed beyond 650 rpm, there
as no signiﬁcant increase in yield as shown in Fig. 17 . Biodiesel
ield got decreased after 650 rpm due to the high stirrer speed hin-
ered the contact between the reactants and the methanol. 
.4.4. Effect of reaction time on biodiesel yield 
The reaction time for the synthesis of biodiesel was determined
y carrying out reactions using β-tricalcium phosphate solid base
atalyst at varying reaction time keeping other factors constant. It
eveals the variation of the karanja oil based on biodiesel content
ith the processing time, further at optimized factors of the pro-
ess, the methyl ester’s yield improved during the interval rang-
ng from 30 to 90 min, and subsequently kept almost steady, with
n insigniﬁcant increase of the karanja oil biodiesel after 90 min as
hown in Fig. 18 . The biodiesel yield was increased as methanol:oil
olar ratio increased but the trend did not go beyond the opti-
um methanol:oil molar ratio of the reaction. Biodiesel yield was
learly inﬂuenced by the addition of co-solvent since signiﬁcance
f co-solvent effect on biodiesel yield was considerably high since
ll the reactions were carried out at shorter time period. The time
f the reaction was quite less in all the reactions since the long
eaction time will consume more energy. Hence, 90 min were con-
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Fig. 11. TG/DTA/DTG of uncalcined waste ﬁsh bone. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 12. FT-IR spectrum of β-tricalcium phosphate. 
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asidered as an optimum reaction time for the synthesis of biodiesel
via the β-tricalcium phosphate catalyst. 
3.5. Reusability of catalyst 
Reusability of catalyst was analysed by conducting transesteriﬁ-
cation reactions as shown in Fig. 19 . Catalyst reusability was con-
ducted with two different path ways: (i) methanol washing and (ii)
methanol washing followed by recalcination. In the ﬁrst method,
after completion of transesteriﬁcation reaction, the solid catalyst
was separatedthrough the ﬁlter paper and washed with methanol
to remove polar compounds such as glycerol etc., further dried at
100 °C for 1 h to remove water content; this dried catalyst was
reused in transesteriﬁcation reaction. In second method, separated
catalyst was washed with methanol and calcined at 650 °C for 4 h
and was reused in transesteriﬁcation reaction. Synthesized catalyst
gave high biodiesel yield nearly 97% (in Fig. 15 ) but in the case of
ﬁrst method (in Run 1), the reused catalyst gave 86% without calci-
nation and in second method, the biodiesel yield was 91%. Run 1 to
Run 5, the biodiesel yield was high in the case of second method,
since the polar compounds got adsorbed on the surface the catalyst
are removed when we kept at 650 °C temperature. In the leacha-
bility test, no loss of catalyst was observed in the reaction mixture
after completion of the reaction. 
4. Conclusions 
Biodiesel was synthesized from karanja oil through esteri-
ﬁcation and transesteriﬁcation and base catalyst was prepared
from ﬁsh bones and characterized with TGA/DTA, FT-IR, SEM/EDS
and XRD. Karanja oil was extracted using solvent extraction and
properties of extracted karanja oil were determined. Synthesized
biodiesel was characterized with the proton NMR. Various pa-
rameters such as temperature of the reaction, reaction time,atalyst concentration were studied. High yield (97%) and pure
iodiesel was obtained when 2.5 wt % of synthesized catalyst,
ethanol:oil 10:1 (tetrahydrofuran (THF):methanol 1:1) molar ra-
io, stirrer speed was 650 rpm, at 65 °C for 90 min. Properties of
ynthesized biodiesel were followed ASTM standards. Reusability
f catalyst up to ﬁve times with a small loss of activity was ob-
erved. 
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Fig. 13. NMR spectrum of synthesized biodiesel from karanja oil. 
Fig. 14. Effect of co-solvent on biodiesel using different co-solvents. 
Fig. 15. Effect of molar ratio on the biodiesel production with different catalyst con- 
centration. 
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Fig. 16. Effect of reaction temperature on biodiesel yield with and without addition 
of co-solvent. 
Fig. 17. Effect of mixing rate on biodiesel yield with and without addition of co- 
solvent. 
Fig. 18. Effect of reaction time on biodiesel yield with without co-solvent. 
Fig. 19. Reusability of catalyst with and without addition of calcination. 
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